Abstract Plant species differ in nutrient uptake efficiency. With a pot experiment, we evaluated potassium (K) uptake efficiency of maize (Zea mays L.), wheat (Triticum aestivum L.), and sugar beet (Beta vulgaris L.) grown on a low-K soil. Sugar beet and wheat maintained higher shoot K concentrations, indicating higher K uptake efficiency. Wheat acquired more K because of a greater root length to shoot dry weight ratio. Sugar beet accumulated more shoot K as a result of a 3-to 4-fold higher K influx as compared to wheat and maize, respectively. Nutrient uptake model NST 3.0 closely predicted K influx when 250 mg K kg −1 were added to the soil, but under-predicted K influx under low K supply. Sensitivity analysis showed that increasing soil solution K concentration (C Li ) by a factor of 1.6-3.5 or buffer power (b) 10-to 50-fold resulted in 100% prediction of K influx. When both maximum influx (I max ) and b were increased by a factor of 2.5 in maize and wheat and 25 in sugar beet, the model could predict measured K influx 100%. In general, the parameter changes affected mostly calculated K influx of root hairs, demonstrating their possible important role in plant K efficiency.
Introduction
Potassium uptake efficiency determines the ability of plants to take up K under low soil K availability. Plant species and cultivars of a given species differ in their K uptake efficiency (Trehan and Claassen 1998; Dessougi et al. 2002; Trehan and Sharma 2002; Zhang et al. 2007 ). Trehan and Claassen (1998) reported that K uptake efficiency of potato (Solanum tuberosum L.) is less than that of wheat and sugar beet. Dessougi et al. (2002) studied the K efficiency of spring wheat (Triticum aestivum L.), spring barley (Hordeum vulgare L.) and sugar beet grown under controlled conditions on a K-fixing sandy clay loam soil and reported that at low K concentration (5-20µM) in soil solution, sugar beet had a 7-to 20-fold higher K influx (K uptake per cm of root per second) than wheat and barley, indicating that sugar beet was more efficient in acquiring low available soil K. To understand the differences in K uptake efficiency of different crops, one must look for the underlying mechanisms. The size of the root system, the physiology of uptake and the ability of plants to increase K solubility in the rhizosphere by exudation of organic compounds are considered mechanisms of uptake efficiency Rengel and Damon 2008) .
Plants take up K exclusively from the soil solution pool, which is in a dynamic equilibrium with the exchangeable and, to a lesser extent, the nonexchangeable pools. Exchangeable K can be rapidly released from exchange sites on the surfaces of clay minerals and organic matter to replenish K-depleted soil solution . Springob and Richter (1998) reported that exudation of organic acids and/or protons is not necessary to make nonexchangeable K available to plant roots. They found that a decrease of K concentration in soil solution below 3.5µM initiated a release of interlayer K in a Luvisol. The minimum concentration at which uptake is possible (C Lmin ) for most plant species is well below 3.5µM. The source and release processes of nonexchangeable K from the rhizosphere of maize were evaluated by Moritsuka et al. (2004) . They reported that interlayer K in a 2:1 type phyllosilicate was the main source of non-exchangeable K for maize, and that K was released through cation (Ca 2+ , Mg
2+
, and Na + accumulated in the rhizosphere) exchange of the K, rather than mineral dissolution by protons. Schneider (1997) conducted soil K sorption and desorption experiments for 16 h at five initial Ca concentrations (from 0 to 10 −1 M) and followed by the measurement of soil exchangeable K (ammonium acetate extraction) and reported that the release of K increased and fixation of K decreased when Ca concentration increased. Several researchers have reported that plants have developed a number of highly specific mechanisms to acquire K from soil. These include an increased I max at low K supply (Meyer 1993) , the expression of K + transporters, and K + channels in root cells, especially root hair cells, to ensure an adequate supply of K under low K supply (Brüggemann et al. 1999; Ahn et al. 2004; Reintanz et al. 2002) . Root hairs contribute to K uptake capacity by increasing both root surface area and the extent of the K depletion zone. Root hairs create a steeper diffusion gradient simply because they have a smaller diameter than roots (Jungk 2001) . Hogh-Jensen and Pedersen (2003) reported a positive correlation between the capacity to take up K from a K-deficient soil and root hair length for pea (Pisum sativum L.), red clover (Trifolium pretense L.), lucerne (Medicago sativa L.), barley (Hordeum vulgare L.), rye (Secale cereale L.), perennial ryegrass (Lolium perenne L.) and oilseed rape (Brassica napus L.).
From models that consider soil solution concentration as a main input parameter for simulating nutrient flux from soil to plant roots (Claassen 1990) , the factors influencing soil solution concentration with decreasing distance from the root can be derived. Apart from buffer capacity for a specific ion, which is related to binding sites for an ion in soil, solubility of related salts and chemical equilibrium in soil solution, soil water content, transport distance and nutrient uptake capacity of the root are important. Transport distance depends on root length density and distribution. Nutrient uptake capacity of a certain unit of root length depends on root surface area and affinity of the transporters for the ion (Engels and Marschner 1993; Rodriguez-Navarro 2000) .
Potassium uptake and supply level of the soil can be described by a mechanistic model Claassen and Steingrobe 1999) . The model calculates the diffusive and convective transport of nutrients towards the root under consideration of sorption and desorption processes. The uptake rate into the root is calculated by Michaelis-Menten kinetics. Applying a nutrient uptake model to wheat plants (Claassen 1994) , it was shown that where calculated transport and uptake agreed well with measured data, the high K uptake efficiency of wheat was mainly due to its large root system. Dessougi et al. (2002) found that sugar beet had fewer roots, but it could realize much higher influx than calculated by the model. Investigating the mechanisms enabling sugar beet to obtain a high K influx, Dessougi (2001) reported that at high root length density, the K concentration in soil solution was approximately six times (94.2µMK) the concentration measured in soil without plants under low K supply conditions (15µMK). It was not clear though, whether the increase in soil solution K concentration was due to chemical mobilization of K by sugar beet root exudates or to problems in measuring K in soil solution. Measured K + may not have actually been in solution, but held on fine soil particles dispersed in the soil solution.
The objective of this study was to better understand the K uptake mechanisms of maize, wheat and sugar beet under low K supply with the help of the nutrient uptake model NST 3.0 (Claassen 1994) . Soil and plant parameters, including the contribution of root hairs, were determined for the three different plant species grown on a silty clay loam soil of low K status at two K levels. Where calculated K influx differed from measured K influx, a sensitivity analysis was conducted by changing different soil and plant parameters influencing K uptake, alone or in combination. Our purpose was to determine whether uptake kinetics alone could explain the differences in measured and calculated influx under low K supply or chemical mobilization of K in the rhizosphere should be considered.
Materials and methods
A pot culture experiment was conducted to evaluate K uptake efficiency and K dynamics in the rhizosphere of maize (Zea mays L. cv. 8481IT), wheat (Triticum aestivum L. cv. Thasos), and sugar beet (Beta vulgaris L. cv. Monza) and to determine the soil and plant parameters for nutrient uptake model calculations. The experiment was conducted in a controlled-climate chamber located in the USDA-ARS National Laboratory for Agriculture and the Environment, Ames, Iowa, with a light/dark regime of 16/8 h at 25/18°C, relative humidity of 60/75%, and photosynthetic active radiation during the light period (PAR) of 41 Wm . Taintor silty clay loam soil (fine, montmorillonitic, mesic Typic Argiaquolls) of low K status (58µMK) was collected from the surface layer (0-15 cm) at the edge of a production field in southeastern Iowa. Field-moist samples were sieved to 2-mm particle size. To determine the initial soil chemical properties, subsamples of soil were air dried and analyzed for extractable P (Bray-1), exchangeable K, Ca, and Mg, pH, and organic matter content by the methods outlined in Brown (1998 all subsamples, and deionized water was added to bring the samples to field capacity moisture content (27% by weight). The treatments were then incubated for 1 week. The experiment was designed for two harvests. Plastic pots were filled with soil equivalent to 1.6 kg at oven-dryness for the first harvest and 3.0 kg for the second harvest. Before transplanting, seeds were pre-germinated in folded tissue paper placed vertically in a glass beaker containing aerated water in the controlled-climate chamber. The number of plants per pot was 6 and 3 for the first and second harvest, respectively. Each treatment was replicated three times. Three pots per treatment were left unplanted as controls for measurement of soil parameters and to determine the moisture loss through evaporation. Maize plants were harvested 15 and 21 days after germination (DAG) for the first and second harvests, respectively. Wheat and sugar beet plants were harvested 19 and 26 DAG for the first and second harvests, respectively. At harvest, shoots were cut at the soil surface level and roots were carefully separated from the soil by gently shaking and sieving. Collected roots were washed repeatedly with distilled water by flooding over a sieve. To separate fine roots, a 550-g subsample of soil was placed in a hydro-pneumatic elutriation system (Smucker et al. 1982 ) that uses water, compressed air, and 530-µm screens to wash soil from roots. Debris were removed manually, and roots were stored at 5°C in 20% (v/v) ethanol in glass jars. After recording the fresh weight, shoot samples were dried at 60°C for 24 h and then at 105°C to a constant weight. Subsamples of ground shoot material were wet digested under pressure using concentrated H 2 SO 4 and 30% H 2 O 2 (Mills and Jones 1996) . Potassium concentration in the digests was measured by inductively coupled plasma (ICP) spectroscopy.
Root length and root surface area
To determine the length and surface area of harvested roots, samples were removed from storage jars and rinsed with deionized water to remove the ethanol. The roots were then stained dark blue by placing them for 5 min in a heated (50°C) crystal violet solution made by adding 1 g of crystal violet stain to 100 mL of water. After staining, individual roots from each sample were arranged in water on glass trays and then scanned on a desktop scanner to obtain a digitized Tagged Image Format (TIF) image of the entire sample. These images were analyzed using the ROOTEDGE software (Kaspar and Ewing 1997) . This program uses the edge chord algorithm (Ewing and Kaspar 1995) to estimate root perimeter and length. The total length and mean diameter for each sample were used to calculate the surface area of the roots.
Nutrient uptake model calculations -basis of the model The NST 3.0 model of Claassen (1994) , which accounts for nutrient uptake by both roots and root hairs, was used to simulate K uptake by the three plant species in this study. The model is based on three basic processes: (i) release of nutrients from the soil solid phase into the solution phase, which is governed by sorption and desorption processes, (ii) transport of nutrients to roots in the solution phase by mass flow and diffusion (Barber 1962) , and (iii) nutrient uptake into the root, which depends on the nutrient concentration in the soil solution at the root surface and can be described by a modified Michaelis-Menten equation applied by Epstein and Hagen (1952) and later modified by Nielsen (1972) . Root hairs are included in the model. Their radial distribution around the root is represented by the half distance among neighboring root hairs at different distances from the root cylinder. Their nutrient uptake is taken care of in the transport equation by a sink term which is calculated from the amount of root hairs and from the concentration of the nutrient at the distance from the root being considered. The influx into root hairs is concentration dependent following also a modified Michaelis-Menten kinetic with parameters specific for the root hairs.
The model output gives the concentration profiles around the root and a single root hair at different times of uptake, the nutrient influx for the root hairs and the root cylinder at different time intervals as well as the average nutrient influx for the whole growing root system and finally it gives the nutrient uptake of the whole root system for the period of calculation. For comparing measured and simulated or calculated values we used the K influx. The measured K influx is an average value for the whole growing root system (see Eq. 9). The simulated K influx was calculated in a similar manner and is therefore comparable with the measured value (for more details see Claassen et al. 1986) . The model requires values of several soil and plant parameters for both roots and root hairs in order to calculate K uptake.
Soil parameters for model calculation
A second subsample of soil from each pot was used for determination of soil solution K and exchangeable K held on the solid phase of the soil. A column displacement method was used to determine initial soil solution K concentration (C Li ). The method permits accurate determination of the unaltered composition of soil solution (Adams 1974) . A sample of moist soil equivalent to 500 g at oven-dryness was packed into a Plexiglass column to a density of approximately 1.3 Mg m −3
. Filter paper was placed on the top of each soil column to avoid evaporation losses during the collection. Deionized water was added to each column at a rate of 4 mL h −1 until the soils reached field capacity water content. The samples were allowed to equilibrate for 24 h; then, 40 mL of de-ionized water were added at a rate of 4 mL h −1
. The displaced solution was collected and filtered through a 0.20µm filter. The solutions were analyzed for K by atomic emission spectroscopy.
Soil solution concentration was measured for planted and unplanted pots at the time of each harvest. To calculate K influx for the period between the first and second pot harvests, an estimate of C Li in the larger pots at the time that the smaller pots were harvested was needed. Values for C Li in the larger (second harvest) pots were obtained from the relation between measured soil solution K concentration and the corresponding shoot K uptake for low (0 mg K kg
) and high (250 mg K kg −1 soil) K treatments at both harvests ( Fig. 1) .
To determine solid phase K, a 2-g subsample of soil from each pot was extracted with 1 M NH 4 OAc solution at pH 7 (Brown 1998). Potassium concentration in the extracts was determined via inductively coupled plasma (ICP) spectroscopy. Four other soil parameters necessary to calculate K uptake with the f Impedance factor to account for the tortuous diffusion path of the ions through soil, calculated from f=0.97θ-0.17 (Kaselowsky 1990) ; and b
Buffer power calculated as the ratio of soil exchangeable K (mol cm −3 soil) and the soil solution K concentration (mol cm −3 soil solution).
Plant parameters for model calculation

Mean root radius
Mean root radius (r 0 ) was calculated from fresh root weight (FRW) in g and root length (RL) in cm, assuming a specific gravity for roots of 1 gcm −3 :
Average half distance between neighboring roots
Average half distance between neighboring roots (r 1 ) was calculated from the formula:
Water influx
Assuming that young plants have exponential root growth, water influx (v 0 ) was calculated from the formula:
where T 2 -T 1 is the amount of water, cm 3 ; transpired between t 1 and t 2 , s; and RA is root surface area, cm 2 . Total evapo-transpiration loss of water was determined from the water loss from the pots with plants minus the water loss from the unplanted pots.
Relative shoot growth rate
Relative shoot growth rate (RGR) was calculated from the formula:
where, SDW is shoot dry weight in g and is the mean of three replications and t is time of harvest in seconds.
Relative root growth rate
Relative root rate (k) was calculated from the formula:
where, RL is root length in cm and t is time of harvest in days.
Root hair distribution around the root
To include the contribution of root hairs in the simulation of K uptake from soil, both physiological parameters describing the ability of root hairs to absorb K and morphological parameters, such as root hair radius and distribution around the root are needed. For this, the rhizosphere is divided into annular compartments. In each compartment, the root hair length is determined and knowing the volume of the compartment, an average half ) and corresponding K uptake of unplanted pots and of maize, wheat, and sugar beet grown on a low K soil with (+K, high K) and without (-K, low K) K fertilization after first (I) and second (II) plant harvests distance between neighboring root hairs (r 1 h) is calculated. Because of both the cylindrical geometry and varying root hair length, the r 1 h values used in the model increase very rapidly with increasing distance from the root. The data for root hair distribution were taken from Hofbauer (1990) , who conducted a similar experiment with comparable growth conditions.
Plant parameters related to K uptake kinetics
The relationship between net K influx (I n ) and K concentration at the root surface (C L0 ) determines the K uptake kinetics. This relation can be described by a modified Michaelis-Menten function (Nielsen 1972) :
where I max , K m and C Lmin are as described below. Maximum net influx (I max ) was obtained from the influx measured from the treatment with the highest K level for each crop. This gives the maximum net K influx of plants well supplied with K for the growing conditions of our experiment. Plants of lower K supply may have a higher I max , but to which extent this may be important will be studied through a sensitivity analysis on I max . As the influx was calculated per cm of root, it was recalculated per cm 2 of total root surface area including the surface area of root hairs per cm root. Root surface area (RSA) and root hair surface area (RHSA) were calculated from the formula:
where r 0 is the root radius and RL is root length. In our case, total surface area was calculated for 1 cm of root, therefore RL was 1 cm. For root hairs:
where rh 0 is the root hair radius [0.0005 cm as reported by Drew and Nye (1969) and Barber (1995)] and RHL is the total root hair length per cm of root. The RHL value was taken from Hofbauer (1990) . Since I max is extrapolated for infinite concentration, the measured value was increased by 10%. The root surface area per cm root, including root hairs, is not exactly the same for the low K and high K treatments; therefore, the I max value is also different (Table 4) .
Minimum solution concentration (C Lmin ) is the concentration at which net influx equals zero. This value was taken from Meyer (1993) .
The Michaelis constant (K m ) is the difference between concentration at which influx is half of I max and C Lmin . The values were taken from Meyer (1993) .
Net K influx
Potassium influx is the net amount of K taken up per unit root length (or root surface area) per unit time. Assuming that young plants have exponential root growth, the net K influx (I n ) was calculated from the formula of Williams (1948) :
where U is K content in µmol plant −1 ; RL is root length per plant in cm; t is time of harvest in seconds; and the subscripts 1 and 2 refer to the first and second harvest, respectively.
Statistical analysis
Plant growth, plant K uptake, and soil K treatment means were analyzed using two-way analysis of variance (ANOVA) with a balanced design (SigmaStat; Systat Software, Inc., Point Richmond, CA. USA). Where significant treatment differences were found, mean values were compared via Tukey's procedure.
Results
Plant growth and K uptake
Shoot dry weight (SDW), root length (RL), and K accumulation differed among the three species by the time of the second harvest (Table 1, Fig. 2 ). Maize attained the highest dry matter yield, which was twofold that of wheat and three-fold that of sugar beet. An application of 250 mg kg −1 K did not increase SDW of any of the species (Table 1) , although K deficiency symptoms were observed in maize leaves under low K supply at 9 DAG. Potassium deficiency symptoms were not observed in wheat and sugar beet under low K supply by the time of the second harvest at 26 DAG. Shoot K concentration in maize under low K supply was about half that of wheat and sugar beet at the second harvest (Fig. 2) . Nevertheless, shoot K content, i.e., total K uptake, was significantly higher in maize as compared to wheat and sugar beet, which had similar shoot K contents (Table 1) . Both shoot K concentration and total K uptake increased significantly in all the crops when grown under high K supply, but the increase was greater in maize and sugar beet as compared to wheat (Table 1, Fig. 2 ). Root length varied widely among the crop species, both under low and high K supply (Fig. 2) . Under low K supply, root length of maize was 2-and 6-fold greater than that of wheat and sugar beet, respectively. An increase in soil K supply had little effect on root length of wheat and sugar beet, but significantly increased that of maize (Fig. 2) . Root length to shoot dry weight ratio was also significantly higher in wheat as compared to maize and sugar beet under low K supply (Table 1) .
During the growth period between first and second harvest, relative shoot growth rate of sugar beet was 23% higher than that of wheat and maize (Table 2) . Shoot demand (SD) on the root is the K acquisition load imposed by shoot growth on each cm of root and is calculated by dividing the shoot growth rate by the average root length (RL), assuming that the roots of the plants grow exponentially:
Under low K supply, shoot demand of sugar beet was 3-fold greater than that of wheat and 2-fold greater than that of maize. The difference was more pronounced with high K supply ( Table 2) . Changes in soil K supply characteristics
Soil solution K concentration in the mixture of rhizosphere and bulk soil of maize, wheat and sugar beet was measured after plant harvest. Soil solution K concentration was lower in the soil of all planted pots as compared to unplanted pots after both harvests (Table 3 ). The decrease, however, varied among the species. Under low K supply, solution K was 1.6-fold and 1.3-fold higher in soil in which sugar beet was grown than in soil in which maize and wheat, respectively, were grown. This difference in soil solution K concentrations reflected differences in K uptake among the crops, with uptake of K per pot by sugar beet being 1.6-fold and 1.2-fold lower than that of maize and wheat, respectively. As expected, there was a significant increase in soil solution K concentration in both planted and unplanted pots when K fertilizer was applied to the soil (Table 3) . Exchangeable K concentration of the soil was also measured in the mixture of rhizosphere and bulk soil collected after both harvests of the three species, as well as from unplanted control pots (Table 3) . Values were used to calculate K buffer power for each of the treatment combinations. After the second harvest, K uptake by wheat and sugar beet had little effect on exchangeable K in the soil. However, uptake of K by maize significantly decreased exchangeable K as compared to unplanted pots (Table 3) . To determine whether the change in exchangeable K after plant growth reflected plant K uptake, both parameters were compared (Fig. 3) . All the values for low K soil after the first and second harvests were above the 1:1 symmetry line. This result indicates that about 50% of the K accumulated by the plants was from non-exchangeable forms. Simulation of K uptake by the NST 3.0 model
The measured soil, root, and root hair parameters (Tables 4 and 5) were used in the NST 3.0 nutrient uptake model to calculate K influx by maize, wheat, and sugar beet. Measured and calculated influx by the three species are summarized in Table 6 . In the low-K treatment, measured K influx was 8.45×10 −7 µmol cm −1 s −1 for sugar beet, which was 4-fold higher than that of maize and 3-fold higher than that of wheat. With increasing K supply, measured K influx of maize and sugar beet doubled, while that of wheat increased 1.2 times. Under high K supply, K influx of sugar beet was 5-and 6-fold higher than that of maize and wheat, respectively. Hence, sugar beet had a higher K influx than wheat and maize under both low and high K supply. In order to explain the differences in K influx among the crops, we included root hairs in the model calculations. Results in Fig. 4 show the calculated depletion of K from the rhizosphere of the three crop species at both low and high K supply. According to the model calculations, sugar beet decreased solution K concentration at the root surface to 3×10 −3 µmol cm −3 as compared to 7.6× 10 −3 µmol cm −3 for wheat and 9.9×10 −3 µmol cm
for maize after 7 days of uptake at low K supply (6 days of uptake for maize). Under high K supply (C Li of 933×10 −3 µmol K cm −3 ), sugar beet decreased K concentration at the root surface to 110× 10 −3 µmol cm −3 , whereas wheat decreased it to 608× 10 −3 µmol cm −3 and maize to 320×10 −3 µmol cm −3 .
These results suggest that the higher K influx of sugar beet was due to its capability to decrease solution K concentration at the root surface to a relatively lower value, thereby increasing the con- ) K fertilization centration gradient and consequently, the diffusive transport of K to the root surface.
Comparing calculated and measured values, there was a close prediction of K influx under high K supply for wheat and maize, but a slight underprediction for sugar beet. Under low K supply, there was underprediction of K influx for all crops. However, prediction was poorest for sugar beet, being only 31% of the measured influx, while that of wheat and maize was 68% and 64%, respectively (Table 6 ). This suggests that either the input parameters were incorrectly estimated or that some other processes played a role, but were not considered in the principles underlying the model.
Sensitivity analysis
To find the reason for under prediction of K influx, a sensitivity analysis was conducted by incrementally changing the values of initial solution K concentration (C Li ), maximum K influx (I max ), buffer power (b), and a combination of I max and b. The parameters I max and b are difficult to accurately determine. There are several ways to estimate I max for plants and b for soils. Maximum uptake capacity is sometimes determined from solution culture experiments, where growing conditions are quite different from soil. Thus, a sensitivity analysis for these parameters is justified.
Compartment distance from root, cm K applied, mg kg The sensitivity analysis for C Li showed that by increasing the value by a factor of 1.6, we could get 100% prediction of measured K influx in wheat and maize (Fig. 5) . For sugar beet, the same was achieved by increasing C Li by a factor of 3.5.
An increase in the buffer power by a factor of 10 resulted in 100% prediction by the model for wheat and maize (Fig. 6a) . For sugar beet, however, agreement was achieved by increasing the buffer power 50 times. Model calculations also indicated that in maize and wheat, the root cylinder absorbed most of the K, whereas in sugar beet, root hairs absorbed up to twice as much as the root cylinder.
An increase in the I max value increased calculated K influx for all the three crop species (Fig. 6b) . However, even after increasing I max 25-fold, the model prediction for K influx was 0.33, 0.53 and 0.83 of the measured K influx for sugar beet, wheat and maize, respectively. It is interesting to note that the effect of I max in increasing calculated K influx was only due to the effect of root hairs; increasing I max had little effect on K influx of the root cylinder. For sugar beet, the contribution of root hairs to K influx was higher than that of the root cylinder for all levels of the I max change ratio. For wheat and maize, the contribution of root hairs to K influx was lower than that of root cylinder, but increasing I max gradually increased root hair K influx.
To determine why an increase in the I max value increased root hair K influx, but not root cylinder influx, we calculated K influx for wheat without including root hairs, but using the mean root radius and the mean radius of the root hairs (0.0005 cm). With these separate calculations, we were able to examine the concentration profile around the root and the root hair (Fig. 7) . From these profiles, it can be seen that increasing I max of the root cylinder 10-fold did not affect the concentration profile or the calculated K influx. In case of the root hairs, however, increasing I max by a factor of 10 resulted in a 6-fold increase in calculated K influx. The reason for this can be derived from the concentration profiles. At the root surface, the soil solution K concentration was already very low (10×10 −3 µmol cm
) with the original I max (control), so by increasing I max to a higher value, there was little opportunity to further decrease the K concentration at the root cylinder surface. In this case, soil transport was limiting K uptake. In contrast, K concentration at the root hair surface of the control was much higher (80× 10 −3 µmol cm
), so that root hairs were able to decrease the concentration further, thereby creating a steeper concentration gradient to allow higher diffusive transport of K towards the root, which resulted in a 6-fold increase in K influx. An alternative explanation of the fact that root hairs take up more K than root by increasing I max could be that root hairs deplete the soil around the root more. Therefore, the soil around the root is already depleted by the root hairs and thus no additional K can be taken up by the root itself.
A sensitivity analysis conducted with a single parameter could be insufficient, because several parameters are often interrelated (Claassen and Steingrobe 1999) . Consequently, a sensitivity analysis was done by increasing I max and b at the same time, and by doing so, there was a closer prediction of K influx. These two parameters were changed simultaneously because in case of root hairs there is strong competition and even complete depletion of the available K pool among them. So, changing only I max , the available K pool may be limiting K uptake. Changing only b (and thereby the available K pool at constant C Li ) the uptake capacity of the root hairs may become the limiting factor. Therefore changing both parameters these limitations may be overcome. By increasing both parameters by a factor of 2.5, there was 100% agreement between predicted and measured K influx in wheat and maize (Fig. 6c) . For sugar beet, however, 100% agreement was achieved by increasing both parameters by a factor of 25. In contrast, increasing I max alone by a factor of 25 given by the change ratio. b Sensitivity of calculated K influx of the root cylinder, root hairs, and the sum of both (total root influx) to changing the maximum influx rate (I max ) given by the change ratio. c Sensitivity of calculated K influx to changing both I max and b by a factor given by change ratio (Fig. 6b ).
Discussion
In this study, we utilize model calculations and a sensitivity analysis to evaluate K uptake efficiency mechanisms of maize, wheat and sugar beet. In contrast to earlier studies with the NST 3.0 model (Sadana and Claassen 1999; Dessougi et al. 2002; , we also included the contribution of root hairs. Sugar beet and wheat maintained higher shoot K concentrations as compared to maize (Fig. 2) , and therefore, were thought to have a higher K uptake efficiency. Wheat acquired more K from a soil with low K supply because of its higher root length to shoot dry weight ratio (Table 1) . reported that in both soil and solution culture experiments, wheat and sugar beet were more K efficient than potato, because wheat had a large root system and both species had an efficient uptake physiology. Root length to shoot dry weight ratio of sugar beet was half of that of maize under low K supply, but shoot K concentration was two-fold higher. Sugar beet could accumulate relatively more K in the shoot because of a 3-to 4-fold higher K influx (measured K influx) as compared to wheat and maize, respectively, which allowed the plants to compensate for the higher shoot demand per unit root length (Table 6 ). The higher K uptake efficiency of wheat was due to higher root length to shoot dry weight ratio and lower shoot demand as compared to sugar beet and maize (Table 1 and 2). Similar results were obtained by Sadana and Claassen (1999) and Dessougi et al. (2002) working with a K-fixing soil with low levels of plant-available K. In comparison to the cereals, sugar beet maintained a high K concentration in the shoot even though shoot demand on the root was high (high relative growth rate and a small root system) because of high K influx. Based on the calculated concentration profile around the root surface, it was evident that the higher K influx in sugar beet was also due to the capacity of the sugar beet root to reduce solution K concentration at the root surface to a lower value as compared to wheat and maize, thereby creating a steeper concentration gradient and so increasing the diffusive transport of K to the root surface (Fig. 4) .
The NST 3.0 nutrient uptake model slightly overpredicted K influx in maize and wheat, and slightly under-predicted influx in sugar beet, under high K supply conditions (Table 6 ). The close agreement between calculated and measured K influx indicated that the concept of diffusion, mass flow and K uptake physiology as the most important processes for K transport and uptake are appropriate and that the model input parameters were accurately measured. Under low K supply, however, the model prediction was 0.64, 0.68 and 0.31 of measured K influx for maize, wheat and sugar beet, respectively. To provide some insight into the possible reasons for such significant under-prediction, we conducted a sensitivity analysis with several key model parameters.
Initial soil solution concentration (C Li ) is a parameter which can be measured relatively precisely -it is a reliable model input parameter. However, C Li is an average value for the whole soil, and can vary spatially. Therefore, sensitivity analysis for C Li was conducted. By increasing C Li by a factor of 1.6 for wheat and maize and 3.5 for sugar beet, 100% agreement for K influx was achieved under low K supply (Fig. 5 ). This suggests that increasing C Li by the plant may have been a mechanism to acquire K from soil. For instance, in most cases Ca accumulates at the root surface (Jungk and Claassen 1997) and this would increase the concentration of K in soil solution in the rhizosphere due to cation exchange processes (Schneider 1997) . Sugar beet showed the highest water uptake rate (Table 4) and also showed the largest difference between measured and calculated K influx.
A further possibility to increase K solution concentration in the rhizosphere would have been through chemical mobilization, i. e. solubilization of K by plant root exudates.
Soil K buffer power, b, cannot be determined precisely because the amount of plant available K on the soil solid phase can only be estimated. This was demonstrated in that the plants used not only exchangeable K, but also non-exchangeable K (Fig. 3) . Increasing b means increasing the "available" K at constant C Li , in our case this would mean to include an increasing amount of non-exchangeable K in the calculations. Accurate model prediction for K influx was achieved by increasing the b value by a factor of 10 in maize and wheat and by a factor of 50 in sugar beet (Fig. 6a) .
The effect of an increasing b on the K influx may be attributed to less K depletion at the root surface or to a smaller extension of the depletion zone leading to inter-root competition only at higher root length density. The effect of b on less K depletion is relatively small as can be deduced from its effect on the influx of the root cylinder and as was shown by Claassen (1986) ; Claassen (1990) and . Increasing b decreases the effective diffusion coefficient, D e (D e =D L θf/b) and consequently, the extension of the depletion zone. This would be more important for maize and wheat because separation among roots (r 1 ) was relatively small and inter-root competition occurred (decrease in C L at r 1 , see Fig. 4 ). In a more highly buffered soil, there is less reduction of C L at r 1 and the concentration gradient towards the root increases, so that interroot competition is reduced . Therefore, the b value of a soil is of significance if inter-root competition occurs. Since r 1 for sugar beet is relatively large, we would expect a small effect of b on K influx, but the contrary occurred. In this case, the effect of changing b mainly increased K uptake by root hairs (Fig. 6a) , because r 1 h is very small (Table 5) and strong competition among root hairs occurred.
In a review of the K uptake efficiency of crops, Rengel and Damon (2008) argued that at limiting K supply, K uptake from soil is diffusion limited and therefore, increasing the uptake capacity of roots, i.e., I max , would have limited effect on K uptake from soil. This likely is true for the root cylinder, but not for root hairs (as shown in Fig. 7) . Figure 6b shows that increasing I max in maize and wheat by a factor of about 5 increased K influx, mainly as a result of K influx of root hairs. Further increases of I max had little effect on K influx, similar to the effect in sugar beet. It must be considered, however, that sugar beet had an I max 5 to 6 times higher than that of wheat or maize (Table 4 ). The lack of response to increased I max by sugar beet or wheat and maize after a 5-fold increase is because once the uptake capacity of the root hair reaches a given level, the entire soil volume occupied by root hairs is depleted of K due to the close proximity of the root hairs (small r 1 h). However, if an increased I max is accompanied by an increased b (at constant C Li , increasing b means an increase in relative amounts of solid-phase K), it further increases K uptake (Fig. 6c) .
To ensure an adequate supply of K, plants have developed a number of highly specific mechanisms to take up K from the soil (Brüggemann et al. 1999; Ahn et al. 2004; Reintanz et al. 2002) . Development of root hairs increases root surface area and consequently, the radius of the K depletion zone. Hogh-Jensen and Pedersen (2003) reported a positive correlation between the capacity to take up K from a K-deficient soil and root hair length for several diverse plant species. Although all species utilized the exchangeable K sources similarly, the crop species with the highest root surface area exploited the most sparingly soluble K as well. In our study, we observed from the sensitivity analysis that the increase in model prediction for K influx by increasing both I max and b was mostly due to the activity of root hairs. Now, the question is whether the steeper concentration gradient created by the roots and/or root hairs is the result of more K desorbing to soil solution from the non-exchangeable fraction and thereby increasing b, or are the sugar beet roots releasing organic compounds that solubilize K from soil minerals thereby increasing K concentration in soil solution close to the root surface? Springob and Richter (1998) reported that exudation of organic acids and/or protons is not necessary to make non-exchangeable K available to plant roots. They found that a decrease of K concentration in soil solution below 3.5µM initiated a release of interlayer K in a Luvisol. The minimum concentration at which uptake is possible (C Lmin ) for most plant species is well below 3.5µM. Hinsinger and Jaillard (1993) demonstrated that release of interlayer K in phlogopite occurred in the rhizosphere of ryegrass (Lolium perenne L.) when the K concentration in the rhizosphere solution decreased below a threshold of about 80 μM and that the release involved exchange of interlayer K by cations of high hydration energy, with a subsequent expansion of the interlayer space. The source and release processes of non-exchangeable K from the rhizosphere of maize were evaluated by Moritsuka et al. (2004) . They reported that interlayer K in a 2:1 type phyllosilicate was the main source of non-exchangeable K for maize, and that K was released through cation (Ca 2+ , Mg 2+ , and Na + accumulated in the rhizosphere) exchange of the K, rather than mineral dissolution by protons.
Sugar beet and wheat maintained higher shoot K concentrations, indicating higher K uptake efficiency. Wheat acquired more K because of a greater root length to shoot dry weight ratio. Sugar beet accumulated more shoot K as a result of a 3-to 4-fold higher K influx as compared to wheat and maize, respectively. Nutrient uptake model NST 3.0 closely predicted K influx when 250 mg K kg −1 were added to the soil, but under-predicted K influx under low K supply. Although we did not directly measure soil solution K concentrations in the rhizosphere, the model calculations lead us to speculate that besides Ca accumulation in the rhizosphere, chemical mobilization of K resulting in higher rhizosphere solution K concentrations may account for the underprediction of K influx under low K supply. On the other hand, the uptake kinetics of root hairs may be different from that of roots. Therefore, future studies should focus on direct measurements of K depletion around the root and root hair surfaces and better estimates of K uptake kinetics (I max , K m , and C Lmin ) for root hairs.
